Wurtzite-structured ZnO has versatile properties that are important for applications in electronics, optoelectronics, photovoltaics, and sensors. 1 Recently, one-dimensional (1D) nanostructures of ZnO, such as nanowires (NWs), nanorods (NRs), nanobelts, and nanotubes, are attracting much interest. 2 It is highly desired to grow 1D nanomaterials that have not only controlled shapes and crystal structure but also designed electrical and optical properties for applications as sensors, field-emitters, p-n diodes, and the diluted magnetic semiconductors (DMS) for spintronics. 3 A key requirement for many of these applications is the doping of ZnO with various elements for enhancing and controlling its electrical and optical performance. 3c,g,4 In this paper, large-scale Ni-doped ZnO NW arrays are prepared for the first time using a metal vapor vacuum arc (MEVVA) ion source doping technique. 5 By measuring the transport property of a single NW across two electrodes, the electrical conductivity of the doped ZnO NW has been increased for 30 times after doped to a dose of 2 × 10 17 cm -2 . The photoluminescence (PL) spectrum of the doped ZnO NWs has a red shift, suggesting possible doping induced band edge bending. The doped ZnO NW arrays could be the basis for building integrated nanoscale transistors, sensors, and photodetectors.
is the well-aligned, Ni-doped ZnO NWs, showing fairly uniform morphology. After the doping process and post-doping annealing, the distribution of Ni dopants and structure of the ZnO NW were studied by TEM in conjunction with energy-dispersive X-ray spectroscopy (EDS). Figure 1c shows that there are no visible defects, second phase, or precipitation in the Ni-doped ZnO NWs. It means that, after a proper annealing, the crystal lattice structure of the NW is fully recovered and the dopants are well-integrated into the lattice sites. EDS spectra from a series of locations along one ZnO NW as labeled in Figure 1c are displayed in Figure 1d percentage is tabled in Figure 1h . The Zn and O signals of the NWs as well as the Ni signal were observed along the entire length. With consideration of the accuracy of the EDS microanalysis, we can conclude that there is ∼6 atom % Ni doping in the ZnO NW. The annealing procedure at 950°C resulted in a fairly uniform distribution of the doped Ni atoms. The corresponding selected area electron diffraction (SAED) pattern from a single doped NW, as shown in Figure 1i , confirms that the NWs have the wurtzite structure and there is no formation of a Ni precipitated secondary phase. The crystal lattice structure of the NW has also been examined by high-resolution TEM (HRTEM). Both the lattice images recorded from the center (Figure 1j ) and the side (Figure  1k ) of the NW clearly show the high crystallinity of the NW with no visible line or planar defects. The diffusion of Ni ion in ZnO and recovery of doped ZnO crystal are most probably due to the high-temperature, long-time annealing as well as ultra large surface area of the NW. Our observed results are consistent with the studies claiming a complete removal of all doping-induced defects in ZnO thin films and the activation of the doped species after annealing. 8 It is known that the as-synthesized and undoped ZnO NWs are the n-type semiconductor due to high density of oxygen vacancies. The typical current-voltage (I-V) curve through a single undoped ZnO NW is given in Figure 2a . The current changed linearly from about -3 to 3 nA as V was varied from -1 to 1 V with a resistivity F of 390 Ωcm. High electrical resistivity in a single undoped ZnO NW indicates its high quality of crystalline structure with low oxygen deficiencies. 9 This result has been further confirmed by our PL measurement performed on undoped ZnO NWs (Figure 2c ). In contrast, the I-V curve for a Ni-doped ZnO NW (Figure 2b) shows a steep increase in conductance, indicating a great enhancement in conductivity by doping. The current of the doped NW changed from about -75 to 75 nA as the voltage V was varied from -1 to 1 V, and the resistivity drops to 12 Ωcm. For thin films, doping of cations of higher valence state than Zn (Zn 2+ ) into ZnO, such as In, Ga, and Ni, leads to an increase in the electrical conductivity. 2 Referred to the pure undoped ZnO NW, the doped Ni enhances the conductivity probably due to the presence of trivalent Ni 3+ cations. A Ni 3+ cation would contribute a hole carrier, and the oxygen vacancies are likely to be eliminated by annealing in air at high temperature; therefore, the possible carriers are p-type. 2d Figure 2c shows PL spectra of ZnO NWs before and after doping. The UV emission peak is centered at 389 nm for the Ni-doped ZnO NWs, which exhibits a red shift of 5 nm compared to the 383 nm observed for the undoped ZnO NWs. This result is similar to the Ni-doped ZnO thin film. 10 The ion doping may result in a weaker UV emission peak. From Figure 2 , a weak broad band is observed at ∼510 nm for both undoped and doped NWs. This feature is commonly observed for ZnO, which is attributed to oxygen deficiency. 4e,9 In summary, we show that by combining VLS growth and MEVVA doping, well-aligned Ni-doped ZnO NWs were obtained. After a proper annealing, the doped NWs have high crystallinity and little defects. The electrical conductivity was enhanced for over 30 times after doping. A red shift in PL peak of Ni-doped ZnO NWs was also observed. This research demonstrates a new approach for preparing aligned and doped NW arrays that have much improved electrical performance, which could be important for fabricating arrays of sensors, transistors, and photodetectors. The system will also be important for studying spin transport in 1D nanomaterials.
